New trinuclear rhodium(III) complexes, [Rh3(//3-0)(/i-CH3C00)6(L)3]+ (L = imidazole (Him), 1-methylimidazole (Meim), and 4-methylpyridine (Mepy)) have been prepared. The Him, Meim, and Mepy complexes show reversible one-electron oxidation waves at E1/2 = +1.12, +1.12, and +1.28 V vs Ag/AgCl, respectively, in acetonitrile. Electronic absorption spectra of the one electron oxidized species of these complexes and [Rh3(M3-0)(M-CH3C 0 0 )6(py)3]+ (py = pyridine) (E 1 /2 = +1.32 V ) were obtained by spectroelectrochemical techniques. While the Rh3(III,III,III) states show no strong visible absorption, the Rh3(III,III,IV ) species give a band at ca. 700 nm (e = 3390-5540 mol dm" 3 cm" 1). [Ir3(«3-0)(//-CH3C00)6(py)3]+ with no strong absorption in the visible region, shows two reversible one-electron oxidation waves at +0.68 and +1.86 V in acetonitrile. The electronic absorption spectrum of the one-electron oxidized species (Ir3(III,III,IV )) also shows some absorption bands (688 nm ( e, 5119), 1093 (2325) and 1400 (ca. 1800)). It is suggested that the oxidation removes an electron from the fully occupied anti-bonding orbital based on metal-d7r-/^3-0-pjr interactions, the absorption bands of the (III,III,IV ) species being assigned to transitions to the a«r/-bonding orbital.
Introduction
Oxo-centered trinuclear complexes with 0 , 0 -bridged carboxylates, [M 3 (a 3 -0)(/ / -R C 0 0 )6 (L )3]" + (L = pyridine (py), H 2 0, etc.) (Scheme) are common to a wide variety of tervalent metal ions [1] . Among them, ruthenium complexes are particularly inter-ü T >- complexes o f Ru, Rh and Ir deserve further studies to understand the chemical properties as sociated with their electronic structure. Extensive studies on the catalytic activities of triruthenium complexes in some organic reactions have already been carried out [8, 19, 20] , while the trirhodium complex is known to catalyze olefin oxidation [2 1 ].
More than ten derivatives of the oxo-carboxylato-triruthenium(III) complexes are available [3, 11, 13, 15, 22, 23] . X-ray structural determi nations have been reported for some of them [1 1 , 24, 25] . Furthermore, the complexes with different oxidation states, such as Ru3 (II,III,III) [15] and Ru3 (III,III,IV ) [24] , have been isolated and char acterized structurally. Also, triiridium complexes, [Ir3 (a 3 -0 )(a -C H 3 C 0 0 ) 6 ( L ) 3]" + have been iso lated both in Ir3 (III,III,III) (n = 1; L = py, H 2 0, ß -picoline (/5-pic)) and Ir3 (III,III,IV ) {n = 2; L = H 2 0, P (C 6 H 5) 3, py) states [18] . Recently, pyridine complexes in both oxidation states have been structurally characterized [24] , In contrast, the tri- have been isolated only in Rh3 (III,III,  III) states [18, 26] . Crystal structures of the aqua complexes have been reported [21] . We have pre viously reported the reversible nature of the oneelectron oxidation process of [Rh3 (/<3 -0)(/^-CH3 C 0 0 ) 6 (p y)3]+ in acetonitrile [7] , The one-electron oxidation process of [Ir3 (//3 -0)(//-CH3 C 0 0 ) 6 (p y )3]+ was reported to be irreversible in acetone [18] .
The present work on the chemistry of trirhodium (III) and triiridium (III) complexes was con ducted in order to obtain a more general view on the oxo-centered trimetal complexes of heavy tran sition elements. We report the preparation and spectroelectrochemistry of the three new com plexes, [Rh3 (//3 -0)(/*-CH3 C 0 0 ) 6 An aqueous solution (15 ml) containing 0.5 g of RhCl3 -3H 20 was mixed with an acetic acid solu tion (15 ml) of 0.5 g silver acetate. The mixture was refluxed for 6 h. A fter filtration to remove AgCl, the filtrate was evaporated to dryness. The residue was dissolved in 20 ml of methanol. A fter addition of 2 ml 4-methylpyridine, the solution was refluxed for 20 min. To the solution was added ca. 1 g N H 4 PF6 in a small amount of methanol at room temperature. Diethylether was added to complete the precipitation o f the product, which was collected and recrystallized from a small amount of hot methanol on cooling. Yield: 7%. An aqueous solution (15 ml) of RhCl3 -3H 20 (0.5 g) was added to an aqueous solution (15 ml) of silver acetate (0.5 g). A fter refluxing the mix ture for 6 h, A gC l was removed by filtration. The filtrate was evaporated to dryness. The residue was dissolved in 2 0 ml of water and passed through a cation exchange column (Dowex 5 0 W -X 2 (400 mesh)). The aqua complex, [Rh3 (/^3 -0)(//-CH3 C 0 0 ) 6 This was prepared by modifying the reported method for the perchlorate salt [18] . A mixture of IrCl3 -wH20 (0.5 g) and silver acetate (1.0 g) in 25 ml acetic acid was refluxed for 3 h and then evaporated to dryness. The remaining solid was extracted with methanol to leave unreacted silver acetate, and the extract was evaporated to dryness. The residue was then dissolved in methanol ( 1 0 ml) and was added 1 ml pyridine. Measurements. 'H and 13C N M R spectra were obtained at room temperature by using a JNM-EX400 FT-N M R spectrometer. Chemical shifts are reported with the internal reference TM S at d -0 ppm. Electronic absorption spectra were re corded on a JASCO Ubest-30 and a Hitachi U-3410 spectrophotometer. Infrared absorption spectra were measured with KBr disks by using a Hitachi 270-30 spectrophotometer.
Cyclic voltammetry was performed using a Hokuto HA-501 G potentiostat with a Hokuto HB-105 function generator and a Graphtec WX2400 X -Y recorder. The working and the counter electrodes were a glassy-carbon disk and a plati num wire, respectively. Cyclic voltammograms were recorded at room temperature in acetonitrile containing 0.1 M TBAP(tetrabutylammonium per chlorate) (or T B A P F 6 (tetrabutylammonium hexafluorophosphate)) at a scan rate o f 50 mV/s. Sample solutions (ca. 1.0 m M ) were deoxygenated with a stream of nitrogen. Reference electrode was Ag/AgCl, against which the half-wave poten tial of Fc+/Fc (E 1/ 2 (Fc+/0) v s Ag/AgC l) was +0.440 V.
Usual controlled-potential coulometry was car ried out in 0.1 M TBAP-acetonitrile using a stan dard H-type cell with a Hokuto HA-501 G (or HA-310) potentiostat and a Hokuto HF-201 coulometer. The working electrode was made o f plati num gauze. The working compartment was sepa rated from the counter compartment by a sintered-glass disk. Controlled-potential coulome try with use of an optically transparent thin layer electrode (O T T L E ) cell was performed with a Toho-Giken PS-14 potentiostat. The working and the counter electrode were gold mesh, and the po-tential was refered to an Ag/AgCl reference electrode. The spectra were measured with a Shimazu UV-2100 spectrophotometer.
Results and Discussion

Preparation and characterization o f the new trirhodium (III) complexes
The new complexes were prepared by a meth od analogous to that for the corresponding pyri dine complex. The 'H N M R spectra of the new complexes show signals o f the ligands in the ex pected region for diamagnetic complexes [18] ). The integrated intensity ratio indicated that the complexes contain acetate and the hetero-aromatic ligand in the ratio 2:1. The carboxylate infra-red bands indicate a bridging structure for the acetate with a difference in vas(O C O ) and r s(O C O ) in the range 182 to 190 cm-1 [29] .
Electrochemistry o f the trirhodium (III) and the triiridium (III) complexes
Figs. 2 a and b show cyclic voltammograms of two of the four trirhodium(III) complexes in acetonitrile. The other two complexes show a similar voltammetric behavior. The py, Mepy, Him and Meim complexes show reversible one-electron ox idation waves at E 1 /2 = +1.32, +1.28, +1.12, and +1.12 V vs Ag/AgCl, respectively, with peak-topeak separations (E pa-E pc) of 60-70 mV. Coulometric measurents o f the three new complexes conform to one-electron oxidation. All the com plexes display irreversible reduction at potentials < -1 .0 V. Contrary to the previously reported irreversibility of the oxidation process [18] , we observed a oneelectron (as confirmed by coulometry) reversible oxidation process to Ir(III,III,IV ) in acetonitrile. The E 1 /2 value is +0.68 V (E pa-E pc = 70 m V), which is significantly less positive than that of the corresponding trirhodium complex by 0.64 V. This is in line with the general trend that the third row transition metal complexes are more easily oxi dized than the corresponding second row counter part. A further quasi-reversible one-electron oxi dation process was observed at +1.86 V, which should correspond to the Ir3 (III,III,IV )/ (III,IV ,IV ) E/V vs. Ag/AgCl process. N o reduction process was observed in the potential range up to -1.8 V.
Oxidation of the trirhodium (III,III,III) clusters at controlled potentials, +1.4 V for the py and Mepy complexes and +1.2 V for the Him and Meim complexes, led to a change in color of the acetonitrile solutions from pale yellow to green. Oxidation o f the triiridiu m (III,III,III) complex was carried out at +0.9 V, to give a bluish green solution. Electrolysis was completed within 2 h with our cell, as monitored by coulometry (one electron oxidation). The quick electrolysis of the Rh3 (III,III,III) py complex within 5 min by use of the O T T L E cell technique gave a very similar absorption spectrum to that obtained by the pro longed electrolysis. A fter electrolysis, cyclic vol tammograms of the green solutions were mea-sured, which showed redox couples at the same potential as the corresponding trim etal(III,III,III) complexes. Thus the trinuclear structure is re tained during the electrolysis for both the trirho dium and triiridium complexes.
Electronic absorption spectra and electronic states o f the trirhodium and the triiridium complexes Fig. 3 shows the electronic absorption spectra of the trirhodium (III,III,III) and triiridium (III,III, III) complexes. The spectra of the corresponding trim etal(III,III,IV ) species are given in Fig. 4 , and the numerical data are summarized in Table I . While no strong visible absorption band is ob served for both the Rh3 (III,III,III) and Ir3 (III,III, III) states, characteristic bands at >600 nm are seen for all the one-electron oxidation products. The spectra o f the Rh3 (III,III,IV ) species, which are reported for the first time, are characterized by a strong band at 765-773 nm with e of 3200-5500 mol dm-3 cm-1 (see Table I ). One or two weak shoulders on the lower energy side are clearly seen. The Ir3 (III,III,IV ) py complex shows three bands at 688,1093, and 1400 nm. This may be compared with the reported spectra of some Ir3 (III,III,IV ) com plexes, which show similar features at longer wave lengths [18] . The spectra are also similar to that of the sulfate-bridged Ir3 (III,III,IV ) complex, A/nm [17] , in which lower energy bands are even stronger. A p parently the spectra of the Rh3 (III,III,IV ) and Ir3-(III,III,IV ) complexes in the near infra-red region are significantly different, an unexpected feature for the two analogous complexes of isoelectronic rhodium and iridium. It is not possible to give a convincing interpretation for the difference. It may be that lower energy shoulders of the trirho dium complexes correspond to the distinct near infra-red peaks of the triiridium complex.
The qualitative molecular orbital scheme shown in Fig. 1 [3] on the basis of metal djr-//3-oxygen pjr interaction o f the M 3 (w3 -0 ) core indicates that in the Rh3 (III,III,III) and Ir3 (III,III,III) states all the molecular orbitals are fully occupied and no tran sition between these orbitals is possible. For the Ru3 (III,III,III) complexes, strong visible absorp tion bands are assigned to transitions between these orbitals, since the anti-bonding orbital is empty and the highest occupied orbital (essentially non-bonding) contains one electron. Strong ab sorption bands observed at 320 and 370 nm for the trirhodium and triiridium complexes, respectively, may correspond to M L C T type transitions possi bly from these occupied djr-pjr molecular orbitals to ligand ji* orbitals. Since the orbital energy is
